
Dehydroxylation of Phosphate Laser Glass 

C. B. Thorsness, T. I. Suratwald, R. A. Steele, J. H. Campbell 
University of California, Lawrence Livermore National Laboratory, 7000 East Avenue, L-500, 

Livermore, California 94550 
J. S .  Hayden, S. A. Pucilowski 

Schott Glass Technologies Inc., 400 York Ave., Duryea, PA 18642 
K. Suzuki 

Hoya Corporation USA, 3400 Edison Way, Fremont, CA 94538 

Rates of dehydroxylation of two Nd-doped metaphosphate laser glasses (LG-770 and LHG-8) are measured and 
modeled. Glass melts ranging in size from 100 g to 2.8 kg were bubbled with 0 2  containing various H20 partial pressures (P~o) 
and with 02/C12 mixtures at temperatures ranging from 925-1300°C. The OH content in the glass was measured by monitoring the 
OH absorption at 3.333 pm at various bubbling times. The OH removal by inert gas bubbling (e.g. O2 bubbling) is governed by 
the transport (diffusion) of OH to the glass liquidvapor interface and by the chemical equilibrium between OH at the surface and 
H20 in the gas phase. The equilibrium OH content in glass melts bubbled with 0 2  containing different P30 varies as P,zola. 
Reactive gas dehydroxylation (using Cl2 bubbling) is enhanced by the reverse Deacon reaction where C12 gas reacts with H20 in 
the gas phase to form HCl. A time-dependent, one-dimensional bubble-column dehydroxylation model is developed and used to 
describe the rates of dehydroxylation for glasses. The model uses measured or literature values for the diffusion coefficient of OH 
in the melt ( D t 0 ~ ) ,  the H20/0H equilibrium constant (K,,,), and the equilibrium constant for the reverse Deacon reaction (&). The 
model does a good job simulatinglpredicting dehydroxylation rates of small-scale test melts and production-scale continuous 
melting operations. 
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1. INTRODUCTION 

Rare earth-doped glasses, such as Nd3 and E? in silicate and phosphate glasses, are used in a wide variety of 
applications ranging from high power laser systems to fiber or planar waveguide amplifiers l-7. The presence of hydroxyl 
(OH) groups quenches the fluorescence of the rare earth ion, which reduces laser gain and adversely affects laser 
performance 2. In the case of Nd3", this quenching transfers energy from the upper laser level (4F3n state of Nd33 to the 
second vibrational overtone of OH 2. For most laser applications, it is desirable to reduce the OH concentration to <200 ppm 
8 

The H20 and OH present in the raw materials and the H20 present in the environment are the source of OH in 
manufactured glass. A variety of techniques can be employed to reduce the amount of OH in the glass that include: 1) 
thermal drying of raw materials (Le. calcining); 2) addition of non-reactive dehydroxylation agents; and 3) addition of 
reactive dehydroxylation agents. 

The thermal drying of the raw materials is simply performed by calcining the powder before melting. However, it is 
still difficult to remove all hydroxyls from the powders, and the small residual amounts often lead to 100-1OOO ppm OH 
levels in the final glass. Non-reactive dehydroxylation is commonly performed by bubbling inert gases through a melt (e.g. 
02,  N2) 1, 9-15. Reactive dehydroxylation involves reaction between a halide (such as Cl and F) with OH or H20. TWO 
common methods that have been utilized are exposing a porous glass preform to Cl, gas or bubbling a glass melt with Cl2 
gas12-17. Other reactive agents (solids, liquid or gases) can also be used 18. 

Despite the great general interest in the dehydroxylation of glasses, surprisingly little is understood or published 
about details of the mechanism and kinetics. In the present paper, we explore the rate of dehydroxylation using 0 2  and Cl2 
bubbling in glass melts of two commercial Nd-doped phosphate laser glasses (LG-770 from Schott Glass Technologies Inc. 
and LHG-8 from Hoya Corporation USA). First, the results for the OH content of glass melts bubbled with 0 2  containing 
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various H20 partial pressures (P%o) and with OJC12 mixtures at various temperatures, melt sizes, bubbling flow rates, and 
cover gas flows are reported (Section 3). Next, we describe a proposed mechanism of dehydroxylation (Section 4.1) which 
involves three steps: (1) mass transport of OH to the melthapor interface; (2) thermal dehydroxylation (governed by H20/OH 
equilibrium), and (3) reactive Cl2 dehydroxylation (governed by HzO/HCl equilibrium). Then, a description of the one- 
dimensional, time-dependent, bubble-column dehydroxylation model is given (Section 4.2). Specifically, we discuss the 
governing balance equations for the model and the relationships describing mass transfer at the bubble and top surface 
interfaces. Also, the limiting cases of the model are described. Finally, in Section 5, we apply the model to experimental 
melt data and discuss how the various experimental parameters affect the dehydroxylation kinetics, and how well the model 
describes the dehydroxylation kinetics for both small-scale test melts and production-scale continuous melting operations. 

2. EXPERIMENTAL 

Two commercial glasses, LG-770 (from Schott Glass Technologies, Inc.) and LHG-8 (from Hoya Corporation, 
USA) were used in the melting experiments. The base glasses are near meta-phosphate glasses, which have the molar 
compositions of (58-62)P2O5-(6-10)Al2O3-(2O-25)K20-( 10-15)Mg0-(0-2)Nd203 for LG-770 and (55-60)P205-(8-12)A12Q- 
(13-17)K20-(10-15)BaO-(0-2)Nd~O~ for LHG-8. The starting materials for each of the melts were either pre-made glass 
cullet or the raw materials which when melted have the compositions described above. 

Three series of glass melts were conducted. The first series of glass melts, called H20/0H equilibrium melts, were 
conducted to determine the equilibrium amount of OH in the glass with different amount of H20 in a bubbling gas stream. 
These melts were conducted by bubbling 0 2  containing varying PH~O into a glass melt until equilibrium was reached in the 
melt. The second series of glass melts were performed to examine the dehydroxylation rates of LHG-8 glass; this was 
performed by bubbling dry O2 gas into the glass melts and then measuring the OH content as a function of time. The third 
and final series of glass melts was performed to measure the dehydroxylation rates of LG-770 glass. These melts were 
bubbled with dry O2 or O2/Cl2 gas mixtures and the OH content was measured as a function of time. 

2.1 H20/0H Equilibrium melts 

A schematic of the experimental setup used to perform the H20/0H equilibrium melts is shown in Fig. 1, 
Approximately 100 g of crushed glass cullet (LG-770 or LHG-8) was melted in a Pt crucible (250-ml capacity, 3-cm 
diameter) within a box furnace (Thermolyne 1400 or 47900) at temperatures ranging from 925°C to 1200'C; a round Pt sheet 
(10-cm diameter with a 1.0-cm hole) was used as a cover for the crucible. A quartz tube was dipped into the glass melt 
through a hole at the top of the furnace, and 4 gas enriched with various H20 partial pressures (P%o) was bubbled into the 
melt. PH20 was established by bubbling dry 0 2  gas (-57°C dew point) through a fritted tube in a water bath set to temperatures 
ranging from 3.5OC to 29.7"C. A portion of the gas was fed into an optical dew point sensor (General Eastern Model 
1311DR) which measured the actual P ~ o  (see Fig. 1). The Cu lines were heated by heating tape to avoid water condensation 
in the lines. Bubbling in the glass melt was performed for 2-4 hours, typically at a flow rate of 5 standard ft3/h (scfh). After 
bubbling, the quartz tube was removed and the glass melt was poured into steel molds (4 x 4 x 1 cm3) coated with boron 
nitride (preheated to 550°C). The mold was then placed into an annealing furnace (Thermolyne 1500) set at 55OoC and cooled 
at a rate of 60'Ch. The OH content in the glass samples was measured by cutting the samples into 0.5-2.0-mm slices and 
measuring the 3000 cm-' (3.333 p) transmission in a FTIR spectrometer (Perkin Elmer Spectrum 2000). The OH content is 
reported as OH absorptivity (a in cm-'). The OH content of the starting cullet was low (-2 cm-') for all melts. The samples 
from the melts are identified as L-1 to L-3 1. 

2.2 LHG-8 dehydroxylation melts 

LHG-8 raw materials (2.8 kg) was placed into a fused quartz crucible (1 1 cm diameter x 17.5 cm depth) preheated in a 
resistively-heated furnace at temperatures ranging from 1OOO"C to 1165°C. A fused quartz square plate (15 x 15 x 0.7 cm3) 
with a 1.0-cm hole in the center was used as a cover for the crucible. After heating for one hour, approximately 30 g of thd 
melt was poured into a graphite mold (4 x 4 x 1 cm3) preheated to 490°C. The mold was then stored in an annealing furnace 

I set at 490°C. This first scoop sample represents the zero bubbling time sample (t = 0 h). The crucible was then reinserted into, 
the furnace, and a fused silica tube (8-mm OD, 4-mm ID) was inserted into the glass melt through the hole in the fuse 
quartz cover. 0 2  was then bubbled at various flow rates ranging from 0.54 to 1.1 scfh. Note no cover gas was used. Scooq 
samples were taken at various bubbling times (0.5, 1, 1.5, 2, and 3 hours). All six scoop samples were placed within an, 
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annealing oven and cooled at a rate of 30°C/h to room temperature. The OH content of the resulting samples were measured 
in the same manner as described above. These melts are labeled as H-1 to H-4. 

2.3 LG-770 dehydroxylation melts 

LG-770 glass cullet with high OH content (a = 45 cm-') was used in these melting experiments. The cullet weighing 1.0 
kg or 1.8 kg was placed in a quartz crucible (9.4-cm ID x 13-cm or 21-cm height) and inductively heated to temperatures 
between 1100°C to 1300°C. A 2.1-cm thick refractory brick was used to cover the crucible. The first scoop sample was taken 
after 20-25 minutes of melting the cullet; this was designated as time zero. Then a 0.8-cm OD quartz tube was submerged 8 
cm into the melt through a hole in the refractory block. 0 2  or 02/Clz gas mixture was passed through at various flow rates 
(0.27 to 1.1 scfh). A cover gas ( 0 2 ,  10 scfh, dew point = -62°C P ~ o  = 0.025 mmHg) was supplied through another 0.8 cm 
OD quartz tube through a different hole in the refractory block to prevent outside humid air from entering the melt system. 
Scoop samples were taken at various bubbling times and poured into steel molds holding -60 g of glass. The glasses were 
annealed at 550°C and cooled to room temperature at 30°C/h. The OH content of the resulting samples was measured in the 
same manner as described above, and the resulting melts are labeled S-12 to S-42. 
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Fig. 1. Schematic of experimental setup used for the H20/OH equilibrium melts. 

3. RESULTS 

The results of the test melts to evaluate the equilibrium relation between Cs~20 (H20 concentration in the gas phase) 
and C" (OH concentration in. the liquid melt) are summarized in Table 1. The first four melts (L-1 to L-4) were conducted 

melt surface with the outside humidity (see Fig. 2). 0 2  bubbling of 5 scfh or greater gave an OH content in the final glass that 
did not change, suggesting that the melt had reached equilibrium and was not affected by the outside atmospheric humidity. 
Hence the remaining H2O/OH equilibrium melts (L-5 to L-27) were conducted at bubbling flow rates of 5 scfh. PH20 in the 
bubbling gas varied from 6 Pa (-57°C dew point) to as high as 4100 Pa (+29.7"C dew point). As expected, an increase in P H ~ O  
resulted in an increase in OH content in the glass. Also, at higher temperatures, the equilibrium was driven toward lower OH 
level in the glass. 

The results of the dehydration melts by O2 or 02/C12 bubbling are summarized in Table 2. Also shown are the melt 
parameters (glass composition, temperature, melt geometry, cover gas flow, bubbling flow rate, and gas composition) and the 
resulting OH content of the scoop samples taken at various bubbling times. 

at various 0 2  bubbling flow rates ranging from 0.2 to 8 scfh to determine the flow rate required to prevent interaction of the 
~ 
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Table 1: Summary of H20/OH equilibrium experiments 

Melt # Glass Melt Temp. eC> Melt She 0 2  Bubbllng Bubbllng 
(9) rate (scfh) Ume (h) 

Variable bubbling rate 
L- 1 LHG-8 1100 100 0.4 2 4.6 6 na 
L-2 LHG-8 1 300 100 2 2 0.8 6 
L-3 LHG-8 1100 100 5 2 0.4 6 
L-4 LHG-8 1100 100 8 2 0.4 6 

L-5 LHG-8 925 100 5 2 4.20 6 
L-6 LHG-8 925 100 5 2 17.20 638 
L-7 LHG-8 925 100 5 2 25.30 1184 1.40 

Variable water vapor pressure & temperature 

5 

4- 

h 3- 
r 

'E 0 
Y 

8 2- 

L-8 LHG-8 925 100 5 2 I 29.60 1756 I 
L-9 LHG-8 lo00 100 5 4 I 1.10 6 1  

I I 

'T = 1lOdOC 

0, bubbling (Dew Point = -57°C) 

I 

8 
\ LHG-8 
\ - ' \ t = 2 h r  - 

\\ 

\,, 
1 
1 - 

L-10 LHG-8 lo00 100 5 4 16.00 625 
L-11 LHG-8 loo0 100 5- 2 18.70 927 
L-13 LHG-8 lo00 100 5 4 23.20 1131 1.63 
L-14 LHG-8 lo00 100 5 2 26.50 1942 
L-15 LHG-8 lo00 100 5 4 I 27.80 2008 I 
L-16 LHG-8 1 100 100 5 2 I 1.00 6 1  

I ;:::: l?!O I 1.96 
L-17 LHG-8 1 100 100 5 2 
L-18 LHG-8 1 100 100 5 2 
L-19 LHG-8 1 100 100 5 2 I 25.00 2328 I 
L-20 LG-770 1050 100 5 2 I 2.88 6 1  
L-21 LG-770 1050 100 5 2 29.50 1915 1.48 
L-22 LG-770 1100 100 5 2 0.90 6 
L-23 LG-770 1100 100 5 2 18.80 971 1.56 
L-24 LG-770 1100 100 5 2 29.10 1968 
L-25 LG-770 1200 100 5 2 2.20 6 
L-26 LG-770 I200 100 5 2 17.10 1250 2.01 
L-27 LG-770 1200 100 5 2 I 27.20 2939 I 
L-28 LG-770 1300 lo00 0.5 2.5 I 9.65 610 I 
L-29 LG-770 1300 lo00 0.5 2.5 23.13 2980 
L-30 LG-770 1300 lo00 0.5 6 29.89 3990 2.18 
L-31 LG-770 1300 lo00 0.5 6 30.38 4100 

o !  I I I I I I 
0 2 4 6 8 

0, bubbling rate (scfh) 

Fig. 2. OH content in LHG-8 laser glass as function of 0 2  bubbling rate during melting. (100 g melts, T = 1 100°C. t = 2 h). The line 
represents a single exponential fit added as a guide to the eye. 
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Table 2 Summary of dehydration experiments by 0 2  or OZ/CI2 bubbling. 

Melt Glass Melt Melt Cover Total Bubble 
# Type Diamand Temp Gas Bubble Flow 

height CC) Flow Flow (% 
(a) (scfh) (scfh) CIZ) 

H-1 LHG-8 11 x 12.7 1100 0 0.54 0 
H-2 LHG-8 11 ~12.7 1100 0 1.1 0 
H-3 LHG-8 11 x 12.7 1OCQ 0 1.1 0 
H-4 LHG-8 11 ~12.7 1165 0 1.1 0 
S-12 LG-770 9.4~8.5 1300 20 0 0 
S-13 LG-770 9 . 4 ~  8.5 1300 20 0.5 0 
S-14 LG-770 9.4~8.5 1 3 0  20 0.5 0 
S-31 LG-770 9.4~8.5 1300 20 0.54 21.2 
S-32 LGi770 9.4x8.5 1250 20 0.54 21.2 
S-33 LG-770 9.4~8.5 1200 20 0.54 21.2 
S-34 LG-770 9.4~8.5 1300 20 0.52 11.0 
S-35 LG-770 9.4~8.5 1300 20 0.57 33.7 
S-36 LG-770 9.4~8.5 1300 20 0.50 0.0 
S-37 LG-770 9.4~8.5 1300 20 1.08 21.2 
S-38 LG-770 9.4~17.0 1300 20 1.08 21.2 
S-39 LG-770 9 . 4 ~  17.0 1300 20 0.54 21.2 
S-40 LG-770 9 . 4 ~  17.0 1200 20 1.08 21.2 
$41 LG-770 9.4~17.0 1200 20 0.27 21.2 
S-42 LG-770 9 . 4 ~  17.0 1200 20 0.54 21.2 

Scoop sampling time 
0 0.5 1.0 1.5 2.0 2.5 3.0 4.0 6.0 
h h h h h  h h h h  

a (cm-') 
141 115 99.9 87.2 76.1 59.2 
139 76.6 73.9 61.9 51.0 37.4 
154 126 99.6 85.8 73.8 47.6 
153 87.4 72.4 55.9 43.5 34.5 

34.7 22.6 8.48 6.34 
36.1 6.71 
34.8 4.57 
46.6 4.35 0.70 0.51 0.46 0.41 
48.9 5.47 0.85 0.44 0.39 0.32 
48.5 6.80 0.92 0.51 0.46 0.41 
44.2 10.7 2.60 0.73 0.68 0.39 

0.63 0.56 0.39 43.4 3.65 2.65 
46.4 8.43 2.82 1.53 0.90 0.73 
46.7 3.13 1.24 0.73 0.41 0.41 
42.1 2.45 1.19 0.41 
42.3 6.66 1.41 0.46 
47.8 6.22 1.31 0.46 
45.6 17.3 6.78 1.29 
46.9 11.5 3.52 0.70 

4. DEHYDROXYLATION MECHANISM AND MODEL 

4.1 Mechanism 

The glass compositions of the two phosphate glasses used in this study (listed in experimental section) both have 
near meta-phosphate compositions (OF -3). The basic structure of phosphate glasses has been well studied, and near- 
metaphosphate glasses can be described structurally as linear phosphate chains 19. Molten phosphate glass readily reacts 
with H20 which is believed to hydrolyze a P-0-P bond creating two chain terminating P-OH bonds 1 5 7  20. For 
dehydroxylation to occur, the reverse reaction takes place at a liquid/gas interface (such as the bubble or top surface 
interface). 

The detailed mechanism describing dehydroxylation of phosphate laser glass is not well understood. However, we 
have had reasonable success in analyzing dehydroxylation data using a model that assumes the two most important aspects of 
the dehydroxylation process involve 1) a mass transport step and 2) two chemical equilibrium constraints. This is shown 
schematically in Fig. 3. 

The transport step (step 1 in Fig. 3) is the diffusion of the OH carrying component from the bulk glass melt to a 
melthapor interface. The migrating species is likely a proton 21; however for simplicity we treat the diffusion as an effective 
OH migration which is characterized by an effective OH diffusion coefficient ( D ~ H ) .  We assume that the mass transport rate 
is proportional to the gradient in the OH concentration. DfOH has been previously measured for LG-770 at temperatures 
ranging from 200-1000"C 22; an empirical fit to the data gives 

-3.45~10~ + 8.OX1O6 
T2 Df = k . o g g ]  ex( 

where T is the temperature in K. 
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Fig. 3. Schematic of liquid melt /gas interface illustrating the proposed physical and chemical processes that govern thermal and chemical 
dehydroxylation. I 

At the interface, which may be the exposed top surface of the melt or a bubble surface, it is assumed that the 
governing reaction is 2 

e H , O + - P - O - ? -  ? $) , (3) 

0- 0- 

where the OH concentration at the gasniquid interface (C!OH, in mol/m3) is in equilibrium with the water concentration in the 
gas phase ( C g ~ 2 ~  in m01/m3) according to the equilibrium relation: 

, (4) 

where K, is the equilibrium constant ((rn~l/m~)-'~). Because these reactions take place at high temperatures, kinetics for 
reaction (3) are assumed to be so fast that the material concentrations can be described by chemical equilibrium. 

J G  K, = 
Ct0lXs 
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If the bulk melt has obtained equilibrium with CgH2,, then the surface OH concentration (CmH) is equal to the bulk 
OH concentration (C!OH). However, we can only measure the bulk OH content by optical absorption (a). Then by the same 
token, when the bulk equilibrium has been reached, then a = cq where & is the absorption coefficient for OH at the surface. 
Therefore the surface equilibrium relation given by Eq. (4) is more conveniently given as 

and when bulk equilibrium is reached, it is given by - 
(6) 

The values for Kwp as a function of temperature can be determined from the H20/0H equilibrium melts (see 
Table 1). When is plotted versus P H ~ O ' ~ ,  it yields a straight-line for both LG-770 and LHG-8 suggesting Eq. 6 is valid (see 
Figs. 4a and b). The reciprocals of the line slopes in Figs. 4a and b give values for Kwp which are reported in the last column 
of Table 1. At higher temperatures, the slopes are lower which leads to higher KW values. In other words, the equilibrium 
OH content of the glass is lower at higher temperatures. At an equivalent temperature, the equilibrium OH content of LHG-8 
is slightly lower than LG-770. This is shown in Fig. 4c where both glasses are compared at 1100°C (KW = 1.96 Pa"/cm-' for 
LHG-8 and Kwp= 1.56 PaJn/cm-I for LG-770). 

gives the expression 
Figure 4d is an Arrhenius plot of the equilibrium constant (Kwp) determined for both glasses; a linear fit to the data 

K, =K,exp - (;."I * 
(7) 

where AG is the fiee energy, K, is the pre-exponential constant, and R is the ideal gas constant. The two glasses are found to 
have similar fiee energies (28.9 kJ/mol (LG-770) and 26.0 kJ/mol (LHG-8)), and the values for KO are 20.4 Pa"/crn-' (LG- 
770) and 19.14 Pa'%m-' (LHG-8). 

In the presence of C12, a vapor phase reaction between C12 gas and H20 vapor occurs, 

2 H20 + 2 C12 3 4 HCI + 0 2  . (8) 

As written (left to right), Eq. (8) is known as the reverse Deacon reaction 23, with the C12 acting to dehydrate the vapor. The 
equilibrium constant for this reaction is given by 

where Cgo2 , CgHcl , Cgcc12 are the 02, HC1, and C12 concentrations in the gas phase (mourn3), and & is the equilibrium constant 

(mourn3). The equilibrium constant for Eq. (9) has been reported as 23: 
"'04+7.099 

(IO )*atin 

RT 
K, = 

& has a value of 3996 and 7463 moVm3 at 1100°C and 1200"C, respectively 23. These relatively large & values lead to low 
concentrations of water vapor in equilibrium mixtures. As a consequence, in systems containing chlorine in the bubbling gas, 
the driving force for mass transfer between the bulk glass and the glassbubble interface remains high (i.e. CtOHis low). In 
contrast, in systems where only O2 is present, the bubbles tend to reach saturation because of the equilibrium imposed by Eq. 
(5). In this case, the driving force for transport of OH out of the melt becomes small (i.e. Ct0~,is high), and the dehydration 
rate is correspondingly slower. 

Although the details of the reaction mechanism between Cl2 and H20 are not well known, it is likely that Cl2 
dissociates to form C1 radicals at these high temperatures 16. Regardless of the mechanism, the overall reaction can still be 
described by Eq. (8). Note aIso that the current model assumes that the potential reaction of OH at the glass interface with C1 
or Cl2 is negligible. 
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Figure 4. (a) OH content (a) as a function of the P ~ O ' ~  for LHG-8 glass melts at various temperatures. The melting conditions and data 
points are reported in Table 1. The lines represent fits to the data where the inverse of the slope is Kv (b) Same as (a) for LG-770 glass 
melts. (c) OH content (a) as a function of the P H , ~ ' ~  at 1 lO0C for both glasses. (d) Arrhenius plot of the determined Kv values (points) at i 
various temperatures for LG-770 and LHG-8. The lines represent fits to the data points using Eq. (9). I 

4.2 Model Description 
I 

4.2.1 Balance Equations 
A computer model has been developed that describes the removal rate of OH groups from phosphate laser glass 

using either an inert (e.g. 02) or reactive (e.g. Clz) gas employing mass transfer constraints and reaction equilibriums 
discussed in the previous section. The model assumes the system can be described by equations appropriate for a time- 
dependent, one-dimensional bubble column (see Fig. 5). 

The concentration of species (e.g. HzO, OH, Cl,, 0 2  etc) in this model can be described mathematically by a system 
of coupled partial differential equations where the concentration is both a function of time (t) and height (2) in the bubble 
column. The generic set of equations used to describe a time-dependent, one-dimensional bubble column are simply the 
balance equations of each of chemicals species of interest in the gas and liquid phase 24: 

The subscript 1 represents parameters or species in the liquid phase and g represents parameters or species in the gas phase. 1 

C is the concentration of particular species at time (t) and height (z), C* is the gadliquid interface concentration, E is the 
: 
:- 
A 
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1 1 ' 9  ( 1  dispersion coefficient (m2/sec), U is the average velocity (dsec ) ,  kAb is the overall mass transport (sec-I), Cp is the melt 
porosity, and R is the source or sink term from bulk reaction (mourn3 sec). Equations (1 1) and (12) state that the net flux of a 
particular chemical species at a certain time and height in the bubble column is determined by transport of species in and out 
of plane Z by dispersion (or diffusion) (first term on right-hand side of Eqs. (1 1) and (12)), by transport of species in and out 
of plane Z by convection (second term), mass transport to another phase (from liquid to vapor or vapor to liquid) (third term), 
and by the change in concentration from reaction with other species (fourth term). Using several assumptions, the balance 
equations can be simplified for the case of glass dehydroxylation. First, we assume that the liquid phase (i.e. the glass melt) 
is well mixed because gas bubbling is used in the melt. This m ans that the concentration of the liquid does not change with 
position, and therefore, all the liquid dispersion terms E t r  " $ and the convection terms (.,%) for each of the chemical 

species go to zero. Secondly, the gas concentration as a function of position is dominated by convection (not diffusion), 

hence E, = 0. Finally, we assume there is no bulk reaction in the liquid phase, R, = 0. With the following constraints, 

the balance equations for OH in the liquid and H20 in the gas phase can be written as: 

0 
a2 c 
az 

(13) 

(14) 

- k% ('!OH -'!OHs) 
at 1-4 

- - 
at '!OH, >- 

j l l  
! / I  /!I 1 1 1  

where R%omCI is the reaction rate of the reverse Deacon reaction (Eq. 8) which is given by: 

where rd is the reaction rate constant for the reverse Deacon reaction. The balance equations can also be written for other 
chemical species (C12, 02, and HCI) in a similar manner as was done for H20 and OH. 

The dehydroxylation model treats all the balance equations, and numerically solves the set of partial differential 
equations. The H20/0H equilibrium constraint is imposed by using Eq. (4) and the computed gas phase H20 concentration 
to set C,oHs. In the gas phase, the H20/HC1 equilibrium is imposed by defining a simple mass action rate for the reverse 
Deacon reaction (Eq. (15)) which is fast. A rate for the forward reaction is defined using this rate and the equilibrium relation 

R H 2 0 / H C I  = rd ('gCI2 ? ('gH20 ? (15) 

~ given by Eq. (9). In the model, competition between these rates enforces the H2O/HCl equilibrium. 
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Fig. 5. Physical representation of the time-dependent, one-dimensional dehydroxylation model for OH removal using gas bubbling through 
a phosphate glass melt. The model treats both inert and reactive gases. 



4.2.2 
Transport of OH can occur at two types of interfaces, the bubble and top surface of the melt. When bubbles are 

formed in a bubble column, a large distribution of bubble sizes is typically observed. Hence there is not a simple 
representation of the interfacial area. Transport at the bubble interface is characterized in the model by an effective transport 
parameter, kAb, which is the product of the mass transfer coefficient, k, and the interfacial area of the bubbles per unit 
volume, Ab. There are a large number of approaches and correlations used to estimate transport between the vapor phase 
inside a bubble and a surrounding liquid. The approach taken is dictated by the type of bubbling regime present. Bubbling 
regimes are often categorized by the nature of the bubble flow: 
1. Homogeneous regime - Low bubble concentrations where the bubbles tend to move from the their origin to the surface 

with little interaction. 
2. Heterogeneous regime - Moderate bubble concentrations where considerable interaction between bubbles occur. 
3. Slug flow regime - Relatively high gas throughputs where large slugs of vapor and liquid are present. 

large range of flow conditions. The effective bubble mass transfer is defined as 

Mass transport at the melthapor interface 

We have chosen to use a bubble mass transfer correlation proposed by Deckwer 25 which can be employed over a 

where d, is the diameter of the bubble column (m), and 

The four dimensionless numbers appearing in Fq. (17) are the Sherwood (Sh), Schmidt (Sc), Bond (Bo) and Galilei (Ga) 
numbers, where 

(1 8-20) 

Here pf is the liquid viscosity (Pa secl, pf is the liquid density (kg/m3), 0 is the surface tension (N/m) of the liquid melt, and 
g is the acceleration of gravity (dsec  ). 

The fourth term in Eq. (17) is the melt porosity, 4,  or void volume created by the bubbling. For viscous fluidk 
Deckwer suggests using the following correlation to obtain the porosity, 

I 

! 
Here Fr is the Froude number and is given by 

% Fr =- my 
where Us is the superficial gas velocity ( d s )  which is given by 

- 4f RT 
ug -- 

IG Pd,' 
where f is the gas flow in moVsec and P is the total gas pressure (Pa). Notice the correlation makes no explicit use of bubble 
diameter or rise velocity, nor does it compute these values. However, Eq. (1 6) does allow the necessary transport parameter 
I&,, for the bubble interfaces, to be computed. Also, note that the superficial gas velocity (up) is just the average velocity 
(U,) divided by the melt fraction (l-$). 

obtained 
By substituting Eqs. (17)-(23) into Eq. (16) the following dependence of the transport factor on process variables is 

-0.05 0.6 0.5 0.84 -0.36 0-0.48. 4 " 4  ug D t O H  P,  Pt 
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Based on this correlation, one sees that the transport factor is a very weak function of vessel diameter, increases as superficial 
gas velocity or diffisivity increases and decreases as viscosity or surface tension increases. 

The transport to/fiom a liquid column to an overlying gas at the top of a bubble column has received little attention 
in the literature because for many systems it is not important. However, in small systems it can be as important as the bubble 
phase transport. Unfortunately, we do not know of any established correlations for estimating surface transport coefficients 
from system variables. Consequently, we have employed a simple correlation using surface renewal theory which introduces 
two parameters surface velocity, v,, and a characteristic length, I , .  Surface renewal theory can be used to relate these 
parameters and diffbsivity to the transport coefficient at the surface is 

Parameterized in this fashion it is possible to make at least limiting estimates of the magnitude of the transport by choosing 
reasonable values of v, and I , .  Notice, however, that the transport coefficient actually depends only on the ratio of these two 
parameters. 

As mentioned above, the characterization of the surface transport is the most difficult to deal with. In the following, 
we assume that I ,  is a measure of the activity of bubbles breaking at the surface and that this activity is proportional to the 
flux of gas in the bubbles, with higher flux leading to more violent action and thus a smaller effective length scale. We 
further assume that this behavior can be approximated using the simple relation 

Ls 
u g  

I ,  =-, 

where L, is a constant. Since the surface transport actually depends on the ratio of V, and 1, (Eq. (25)), we choose a 
reasonable but arbitrary value for V, (0.3 dsec),  a value equal to the rise velocity of the larger bubbles in the system. We 
allow L, to be a parameter to be determined by fitting of model results to the experimental data. 

4.2.3 Limiting cases 
The partial differential equations described in Section 4.2.1 can only be solved numerically. However, it is 

instructive to explore limiting cases where the differential equations yield analytical solutions. For example, if the system is 
limited only by mass transfer of OH in the liquid to the liquidvapor interface, the following equation applies: - -  

-_-- dCtOH - kA, I -e ‘,OH e dt 
Here it is assumed that the equilibrium constant K, is sufficiently large, or sufficient chlorine is present, such that the 

effective equilibrium concentration of OH at the vaporlliquid interface (CtOH,) is zero. Equation (27) can be easily integrated 
giving: 

- exp -- 
-- [ ; I ] *  
‘ t  OH, 

A simplified set of equations can also be developed for the case in which transport is fast and the system is 
controlled by the two previously defined equilibrium relations. This is done by writing the overall hydrogen balance for the 

’ system: 

where V is the melt volume. y 3 0  and Y H C ~  are gas mole fractions of HzO and HC1, respectively, exiting the system. For 
simplicity we assume that no H20 or HCl enter the system in the gas phase. Using the ideal gas law and Eq. (9) and (4), the 
gas mole fractions can then be described as: 
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where P is the total gas pressure (Pa). Note, because mass transfer is fast, C ~ H  = C ~ H , .  Combining the equilibrium relations 
with this hydrogen balance gives 

w -  dt PV(l-$)I --- 

If no chlorine is present (Cm2 = 0) then Eq. (32) can be integrated to give the result 

In cases where significant amounts of C12 are present and the water vapor levels in the exiting gas are small 
compared to the HCl levels, the right hand side of Eq. (32) will be dominated by the second term in the bracket. In this case 
Eq. (32) can be integrated to give 

Notice that in the presence of Clz, the form of the equation describing the evolution of OH levels in the melt has the 
same exponential form for both the mass transfer controlled (Eq. (28)) and the equilibrium controlled (ES. (34)) cases. In 
either case, if data are plotted on a semi-log plot a straight line should result if the limiting case applies. In one case the slope 
of the line would be proportional to the overall transport coefficient, whereas in the other case it yields information on the 
magnitude of the equilibrium constants. 

On the other hand, in the absence of chlorine, a semi-log plot of the data would only be a straight line if the system 
were dominated by mass transport (Eq. (28)). If equilibrium constraints dominate the system then a plot of the reciprocal of 
OH concentration versus time would yield a straight line (Eq. (33)). Table 3 summarizes the limiting cases described in this 
section. 

Table 3: Limiting cases of dehydration model 

Limiting Case 

Mass transfer limited 

H20/0H Equilibrium 
limited 
(no Cl2) 

H20/0H Equilibrium 
limited 

(high Clz levels and 
C&12 >> cgHzO) 

Differential Form I Solution 

-2f RT K,’ 
c:o€i 

-- dCKIH - 
dt PV 

i .  
3 
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5. DISCUSSION 

5.1 Application of the dehydration model to small scale melts 

Using the determined or literature values for D ~ H ,  Kwp, and & as a function of temperature, the known melt 
properties, and the known experimental parameters (see Table 4), the full dehydration model (described in Section 4) was 
used to compute the OH removal rates from LG-770 melts. Two values that are not well known, the OH extinction 
coefficient (E) and L, were used as fitting parameters in the model. Limits on reasonable values were set for both of these 
parameters. The extinction coefficient relates the absorption coefficient of OH at 3.333 pm to the OH concentration in the 
glass in ppm by weight. Reported values for the OH extinction coefficient vary from about 30 to 400 ppm/cm-' with most 
factors ranging from 50 to 130 ppmw/cm-' 15. The H20/OH extinction coefficient that best fits the data was determined to be 
52 ppmw/cm-' (see Table 4). 

The value of the other fitting parameter, L,, effects the relative amount of mass transfer at the bubble interface to 
that at the top surface. The ratio LJv, (=1,) gives the length scale over which a packet of fluid is assumed to remain on the 
surface. The value of L, found during the fitting procedure results in values of 1, on the order of 1 cm. One would expect the 
length scale to be bounded by the diameter of the vessel at the high end and the characteristic bubble size at the low end, and, 
indeed, the determined values of 1, fit within these bounds. 

A similar fitting procedure was performed for LHG-8, except that values for DtOH were not available. Assuming that 
the H20/0H extinction coefficient (E) is the same for both glasses, the data was fit using two fitting parameters and L,). 
The D~OH values that best fit the data were DlOH = 2.0 x 10-"m2/sec (lOOO"C), 3.0 x lo-'' m2/sec (1100"C), and 4.3 x lo-'' 
m2/sec (1165°C). Note that different combinations of D~OH and L, can be used to fit the data; however the values we 
ultimately chose appear to reasonably fit both the small-scale test melts and large-scale continuous production melts the best 
(see section 5.5). 

Table 4. Parameters used in dehydration model 

LG-770 LHG-8 
Experimental Parameters 

Column diam. (d,) 9.4 cm 11.2 cm 
Column height 17 cm or 9.5 cm 12.7 cm 
Cover gas (f,) 20 scfh 0 

Temperature (T) 1200- 1 300°C 1000- 1 165°C 
Flow rate (f) 0-1.08 scfh 0.54-1.1 scfh 

Melt Parameters 

Surface tension (0) 0.15 Nlm 0.15 Nlm 
Melt density (p,) 2.12 g/cm3 2.32 g/cm3 

Viscosity (p!) 0.30 Pa sec 0.96 Pa sec 

Kd Eq. (10) Eq. (10) 
KWP E¶. (7) E¶. (7) 

D t O H  Eq (2) see Section 5.1* 
OH extinction coefficient (E) 52 ppmlcm-'* 52 ppmlcm-' 

L 3 x 105 m2/s* 15 x 10'~ m2/s* 
*Used as a fitting parameter in the model 

5.2 Effect of experimental parameters on dehydration kinetics 

To fairly compare the dehydration rates for different melts, the data in Figs. 6 and 7 are plotted in terms of the 
normalized OH content (i.e. a at time t over 01 at time zero (~6)). In addition, a log scale abscissa is used because it best 
illustrates small changes over an extended range of water content. However, care should be exercised when viewing the data 
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on such semi-log plots so that too much weight is not given to very low values of the ratio cd% 
The solid lines in Figures 6a-6f represent the predictions of the full dehydration model to the data using the 

parameters summarized in Table 4. Considering all the plots, the fits to the data are reasonably good, remembering that all 
the data is shown on semi-log plots. Figure 6a illustrates the effect of temperature on the rate of dehydroxylation for LG-770 
glass during bubbling with 0 2  and C12. The rate of dehydroxylation increases with an increase in temperature. This is not 
surprising since both the mass transport @”), and the equilibrium constraints (&, Kw) are driven toward values that would 
increase the dehydroxylation rate. However, the temperature effect is relatively small over the temperature range explored in 
this study. As seen in Fig. 6b, the effect of bubbling flow rate is much greater. After one hour of bubbling, a 4x increase in 
flow rate resulted in about a 5x improvement in the degree of dehydroxylation. Without any bubbling (i.e. where all 
dehydration takes place at the melt top surface), a noticeable amount of dehydration still takes place (see Fig. 6c). The 
addition of O2 bubbling at 0.54 scfh (shown on the same plot) increases the amount of dehydroxylation by 7x after one hour. 
The addition of C12 to the gas bubbling (also shown in the same plot) increases the amount of dehydroxylation by 29x after 
one hour (compared to no bubbling). Clearly, to achieve fast rates of dehydroxylation, the use of higher flow rates and the 
presence of Clz are preferred. 

While the OH concentration in the glass melt is still high, changing the amount of C12 in the bubbling gas 
compositions should also have a strong effect on the amount of dehydroxylation. Remember that Cl2 acts as a getter which 
chemically removes H20 from the gas phase and increases the driving force for more OH to come out of the liquid. At low 
OH concentrations in the liquid, the amount of Cl2 present does not play as strong of a role, because there is more C12 than 
H20 present in the gas phase. However, the presence of at least a small amount of Cl2 is needed to enhance the rate of 
dehydroxylation. This is because without C12, even small amount of H20 in the vapor will saturate the gas (see m. (5)); 
hence, the OH removal will be slow. 

The results of the glass melts performed by bubbling at various C12 concentrations are shown in Fig. 6d. The model 
predictions to the data are not as good for this set of experiments. The experimental data, specifically those taken with high 
C12, show less dehydration than predicted by the model. There are two possible explanations for the data: 1) the mechanism 
for C12 reaction is not accurate, or 2) the experimental measurements may have had error in the amount of C12 that was added. 
Further study is required to determine the cause of this discrepancy. 

Figure 6e shows the results for the dehydroxylation of the LHG-8 glass melts. Similar trends to the LG-770 melts 
are observed; the dehydroxylation rate increase at higher temperatures and flow rates. The initial OH content in the LHG-8 
glass was about 3x higher than LG-770, and only 0 2  bubbling was performed in these melts. Hence the relative amount of 
dehydroxylation was less than that observed with LG-770 for the same amount of bubbling time. The mass transport of OH 
in the LHG-8 glass melts was significantly lower than in the LG-770 (D~oH = 3 . 0 ~  lo-’’ m2/sec for LHG-8 and DmH = 1.7 x 

m2/sec at 1 lWC) .  The lower diffusivity may be related to the lower viscosity of LG-770 compared to LHG-8 at 
equivalent temperatures (see Table 4). However, a 3x change in viscosity can not account for such a large diffusivity change 
(-1OOx). This may mean that mass transport is not driven specifically by OH diffusion, but by some other mechanism. 
Despite the fact that the true mechanism for OH mass transport is not well understood, the determined values for D ~ H  do a 
reasonable job at predicting OH removal rates in both small-scale melts as well as production size melts (see section 5.5). 

Figure 6f illustrates the effect of melt height on the rates of dehydration. As the melt height increases, so does the 
volume; therefore, the dehydroxylation should decrease. Our results match this observation. Another feature of using 
different melt heights is that it changes the ratio of the amount of mass transport that takes place at the top surface of the melt 
compared to that of the bubble surfaces. So the model fit to these experiments is a good test of whether these two mass 
transport terms are valid. The model prediction agrees fairly well with the data suggesting that our chosen value for L, is 
reasonable. 

5.3 Role of cover gas and cover gas humidity 

Two important considerations in the fitting the full dehydration model are the effect of using a cover gas (f,) and the 
partial pressure of H20 (PHZ0) in the cover gas. Figure 7a illustrates the dehydroxylation kinetics with and without a cover 
gas; the difference is significant. The cover gas increases the mass transport at the top surface by decreasing Ca,.,,. Also 
this effect is large because the melt size is small; for larger size melts, the effect of cover gas would be much smaller becaus 

The presence of a trace amounts of moisture in the gas supply will prevent the OH content in the glass melt fro 
the surface area to volume ratio would be much smaller. 

reaching zero. Without any humidity in the cover gas or bubbling gas, the model predicts the water content to drop to ve 
low values ( (see Fig. 7b). However, the measured OH content does not drop to such levels. A probable 
explanation for this behavior is that some trace amounts of H20 are in the gas supply. The dew point of the O2 source is 
-62°C (0.025 mmHg). This level of humidity still results in a much lower OH content in the glass at long times than 

i 
. 
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measured. However, a possible source of additional moisture is from ambient air leaking into the melting system. This is 
very possible because no provisions were present to seal the cover of the melting crucible. Knowing the humidity and 
temperature of the outside room air where the melts were conducted, all the data was fit to the full dehydration model by 
leaking a constant amount of ambient air into melting system (Le. into the cover gas). Using 0.3% leakage of ambient air 
provided the best fits to the dawat long times (see Fig. 7b). 

5.4 Mass transfer versus equilibrium 

In section 4.2.2 the analytical expressions for limiting cases in the dehydration model were derived. Figure 7c 
shows that the LG-770 melts were not governed by either limiting case (mass transport or equilibrium). Line 1 in Fig. 7c 
represents the mass transport limited case calculated using Eq. (28). Remember that this represents the case where mass 
transport of OH is slow enough that equilibrium is not reached. Line 2 represents the equilibrium case (Eq. (34) when Cl2 is 
high and Cg,-+ >> CgHz0. Line 3 represents the full dehydration model whose calculation is described in Section 4.2. In fact 
the full dehydration model lies about half-way between both limiting cases for the LG770 melt (T=120O0C, f=0.54 scfh, 
21.2%C12). Hence, the small-scale tests can not be described solely by the limiting cases. 

5.5 Simulation of large scale glass melts 

The full dehydration model does a reasonable job of calculating the rate of OH removal in small-scale test melts (c 1 
liter). The small-scale test melts are discontinuous or batch melts, while production scale melts are carried out by a 
continuous melting operation. The details of the continuous melting process are described elsewhere l. Continuous melting 
operations have the key features of using larger melt volumes and continuous melt flow through the bubble column. Both of 
these features increase the difficulty of removing OH from the melt. 

The dehydration model has been used to predict dehydration levels for both discontinuous and continuous melting 
processes; in Fig. 8 the computed relative OH levels are compared to measured levels in the product glass from both melting 
processes. The continuous melting data represent operating regimes for which the bubbling flow rate and C12 content differed 
by more than lox and thus is a good test of the model. The ability to predict the dehydration in both discontinuous and 
continuous melts suggests that the basic model assumptions capture the primary physics and chemistry involved in 
dehydration of phosphate glass by gas bubbling. 

6. CONCLUSIONS 

The rates of dehydroxylation resulting from bubbling O2 or C12 into glass melts have been measured for 
two commercial laser phosphate glasses (LG-770 and LHG-8). The effect of various gas compositions, temperatures, 
bubbling flow rates, melt geometries, cover gas flow rates have been evaluated. A time-dependent, one-dimensional bubble 
column model describing dehydroxylation rates of phosphate glass melts by bubbling 0 2  or 02/Cl2 mixtures has been utilized 
to describe dehydroxylation of small-scale test melts and large-scale continuous melting processes. In the model, the 
dehydroxylation process is governed by (1) transport of OH to the liquid/vapor interface @(OH), (2) the H20/OH equilibrium 
(I&), and (3) the equilibrium for the reverse Deacon reaction (&). Using measured or literature values for DtOH, Kwp, and 
&, the model is fit to the data using two parameters E (OH extinction coefficient (in ppmlcm-’)) and L, (parameter related to 
the mass transfer at the top surface). 
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Fig. 6. Comparison of full dehydration model with experimental data. (a) Normalized OH content as function of bubbling time in LG-7/70 
glass melts at various temperatures (f = 0.54 scfh, 21.2% C12). (b) Normalized OH content as function of bubbling time in LG-770 glass 
melts at various bubbling flow rates (T = 12OO"C, 21.2% C12). (c) Normalized OH content as function of bubbling time in LG-770 gl s 
melts at different bubbling conditions (no bubbling, 0.54 scfh ( 0 2  only), and 0.54 scfh (21 % Cia). (d) Normalized OH content as functi n 
of bubbling time in LG-770 glass melts at various C12 concentrations (T=13oo"c, f = 0.54 scfh. 21.2% C12). (e) Normalized OH content as 
function of bubbling time in LHG-8 glass melts at various temperatures (1 OOO to 1 165°C) and flow rates (0.54 to I .  1 scfh). (f) Normalized 
OH content as function of bubbling time in LG-770 glass melts with different melt heights (8.5 cm and 17 cm) (T =13oo"c, f= 0.54 scfh, 
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APPENDIX: VARIABLE LIST FOR DEHYDROXYLATION MODEL 

Absorption coefficient of bulk glass at 3.333 pm (cm-’) 
Absorption coefficient of bulk glass at 3.333 pm (cm-’) at time zero 
Absorption coefficient of glass melt at 3.333 pm (cm-’) at liquidhapor interface 
free energy for K,, (kJ/mol) 
Liquid surface tension (N/m) 
Melt porosity or void volume 
Viscosity of liquid (Pa sec) 
Density of liquid (kg/m3) 
Total bubble surface area per unit volume (m”) 
Effective interface area per unit volume of melt, includes bubble and top surface (m 
Bond number 
Concentration of a particular species in gas or liquid (moVm3) 
C12 concentration in gas phase (mol/m3) 
H20 concentration in gas phase (mol/m3) 
HCl concentration in gas phase (mol/m3) 
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0 2  concentration in gas phase (mourn3) 
TOM gas concentration (mo1/m3) 
Concentration of a particular species at the gadliquid interface (m01/m3) 
OH concentration in liquid (mourn3) 
OH concentration at the liquid/gas bubble interface (moVm3) 
OH concentration in liquid at time zero (mourn3) 
Diffusivity of a generic species (m2/sec) 
Diameter of bubble column (m) 
Effective diffusion coefficient for OH in liquid (m2/sec) 
Dispersion coefficient in the gas phase and liquid phase (m2/sec) 
Bubbling gas flow rate in equilibrium with melt (moVscc) 
Cover gas flow rate (moVsec) 
Froude number 
Acceleration due to gravity ( d s e c 2 )  
Galilei number 
mass transfer coefficient (m/sec) 
Reverse Deacon reaction equilibrium constant (mol/ m3) 
Pre-exponential constant for K,,,,, (Pa'n/cm-') 
H20/0H equilibrium constant for phosphate glass ( ( m ~ V m ~ ) ' ~ )  
H20/0H equilibrium constant for phosphate glass (Pa'n/cm-') 
Parameter related to the characteristic length (1,) (m2/sec) 
Characteristic length that relates to mass transport at surface (m) 
Total gas pressure (Pa) 
H20 partial pressure in the gas phase (Pa) 

Reaction rate constant for the reverse Deacon reaction 

Ideal gas constant (8.314 Jim01 K) 
Input or removal rate of species in gas phase and liquid phase due to bulk reaction (moVm3 sec) 
Reaction rate of H20 in gas phase with C12 to form HC1 in gas phase (mourn3 sec) 
Schmidt number 
Sherwood number 
Temperature (K) 
Time (sec) 
Average gas phase and liquid phase velocities (m/sec) 
Superficial velocity (m/sec) 
Melt volume (m3) 
Characteristic velocity that relate to mass transport at surface (mhec) 
Gas mole fraction of H20 
Gas mole fraction of HCl 
Height in bubble column (m) 
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